Anhydrite occurs as a representative hydrothermal mineral in the upflow zone of the Kakkonda geothermal field, northeast Japan. Gas analysis and microthermometry of fluid inclusions and sulfur isotope measurements were performed for these anhydrites in order to discuss origin of the reservoir fluids and precipitation mechanism of the anhydrite.
Anhydrite occurs as a representative hydrothermal mineral in the upflow zone of the Kakkonda geothermal field, northeast Japan. Gas analysis and microthermometry of fluid inclusions and sulfur isotope measurements were performed for these anhydrites in order to discuss origin of the reservoir fluids and precipitation mechanism of the anhydrite.
Fluid inclusions are classified into two-phase, vapor-rich and liquid-rich inclusions, and polyphase inclusions comprising liquid, vapor and solids. The vapor-rich inclusions coexist with the liquid-rich inclusions in most samples, indicating that the fluid inclusions were trapped under boiling conditions. Bulk gas analyses of the liquid-rich inclusions show that the main non-condensable gas component is CO 2 (0.14-2.0 mol %) with subordinate amounts of N 2 , CH 4 and Ar. The two-phase liquid-rich inclusions homogenize to liquid phase at temperatures between 222 and 380°C, and have salinities mostly from 0 to 29 wt.% NaCl + CaCl 2 equivalent. The polyphase inclusions homogenize to liquid phase at temperatures between 302 and >480°C after dissolving halite between 104 and 220°C on heating, and have salinities from 28 to 35 wt.% NaCl + CaCl 2 equivalent. In the deep reservoir, the salinities vary over a large range at homogenization temperatures of approximately 320 to 360°C. The δ 34 S values of anhydrites ranging mostly from +21.6 to +24.2‰ suggest that sulfur in the anhydrite from the Kakkonda field is derived from marine anhydrite.
These data indicate that the hypersaline fluid was produced by exsolution from a residual magma at the time of final crystallization of the Kakkonda granite, and moderate to low salinity fluids formed by dilution of the hypersaline fluid with the heated meteoric water and boiling of the dilute fluids. The precipitation of anhydrite might be explained by three mechanisms of a simple cooling of the hypersaline fluid, boiling of the reservoir fluid and pressure drop of the non-boiling reservoir fluid.
INTRODUCTION
Anhydrite is a common hydrothermal mineral in the active geothermal fields in the world (Browne, 1978) . In Japan, present reservoir fluids in eight geothermal fields (Mori, Sumikawa, Kakkonda, Okuaizu, Takigami, Hatchobaru, Kirishima and Fushime) are saturated with respect to anhydrite (Chiba, 1991; Akaku et al., 1991) . Moreover, anhydrite occurs in the feed zones of In the Kakkonda geothermal field, anhydrite has been used to infer the high geothermal potential area because of its occurrence in the upflow zone (Kato and Sato, 1995) , but precipitation mechanism of the anhydrite is not clear. In this paper, we present homogenization temperatures, ice melting temperatures and gas compositions of fluid inclusions in anhydrite, and sulfur isotope of anhydrite from the Kakkonda geothermal field. Furthermore, we discuss origin of the reservoir fluids and precipitation mechanism of the anhydrite in the Kakkonda geothermal system, on the basis of these data and previously published data on quartz-hosted fluid inclusions (Sasaki et al., 1998b; Sawaki et al., 1999) and fluid chemistry (Nakamura and Sumi, 1981b) .
GEOLOGIC SETTING AND GEOTHERMAL RESERVOIR
The Kakkonda geothermal field is located in northeast Japan (Fig. 1) . The Kakkonda I geothermal power plant (50 MWe) has been in operation since 1978; the Kakkonda II geothermal power plant (30 MWe) began to generate in 1996. Geological features of the field were described by Nakamura and Sumi (1981a) , Sato (1982) , Doi et al. (1988) , Kanisawa et al. (1994) , Uchida et al. (1996) and Doi et al. (1998) . The stratigraphy includes Miocene formations, pre-Tertiary formations, old intrusive rocks and Kakkonda granite (Fig. 2) . The Miocene formations are divided into Obonai Formation, Kunimitoge Formation, Fig. 1 . Locations of well heads (Yanagiya et al., 1996) and intrusions (Uchida et al., 1996) Takinoue-onsen Formation and Yamatsuda Formation in ascending order. The Obonai Formation consists mainly of andesitic tuff and tuff breccia. The Kunimitoge Formation is made up largely of dacitic tuff but also includes altered andesite and black shale. The Takinoue-onsen Formation consists mainly of black shale, tuffaceous shale and dacitic tuff. The Yamatsuda Formation is composed mainly of dacitic tuff, mudstone, tuffaceous sandstone, tuffaceous siltstone and laminated siltstone. The pre-Tertiary formations are composed of andesitic tuff, slate and sandstone. Many old intrusive rocks such as the Torigoenotaki dacite (K-Ar ages of 4.9 ± 1.0 Ma; Tamanyu, 1980) and the Matsuzawa dacite intruded the Tertiary formations (Sato, 1982) . The Kakkonda granite, which comprises tonalite, granodiorite, quartz diorite and granite, intruded the pre-Tertiary formations. Potassium-Argon ages of hornblende, biotite and K-feldspar in the intrusion range from 0.068 to 0.34 Ma (Kanisawa et al., 1994) .
The Kakkonda geothermal system is strongly controlled by fractures (Doi et al., 1988) . Present reservoir fluid is flowing upward through productive fractures where hydrothermal quartz was precipitated in the shallow reservoir (Muramatsu and Komatsu, 1996) . Hydrothermal quartz and K-feldspar occur mainly in fractures with ENE-WSW in Doi et al., 1998) . The section is along line A-B in Fig. 1 strike and steep N or S in dip at northwest area of the field (Muramatsu, 1987) . These fractures extend from the surface to the deep reservoir . The hydrothermal K-feldspar coexisting with the quartz has a K-Ar age of 0.2 Ma (Koshiya et al., 1993) , suggesting that the Kakkonda geothermal system was evolved after emplacement of the Quaternary Kakkonda granite which is considered to be a heat source of the geothermal system (Uchida et al., 1996) . The geothermal system is divided into the shallow reservoir (Ϲ1500 m depth) at 230 to 260°C and the deep reservoir (>1500 m depth) at 300 to over 350°C ( Fig. 2 ; Kato and Doi, 1993 Kajiwara et al., 1993) . The Kakkonda geothermal system is a liquiddominated type. Chemical compositions of steam and hot water discharged from wells are shown in Table 1 (Nakamura and Sumi, 1981b; Yanagiya et al., 1996) . The discharges from the shallow and deep wells were collected at the initial stages of exploitation for the Kakkonda I and II power plants, respectively. The chemical compositions of gas components in the steam phase sampled from the shallow reservoir are similar to those from the deep reservoir. The non-condensable gases in steam ranges from 0.02 to 0.09 vol % of the total discharge; the major gas (other than water vapor) is CO 2 (49.6 to 73.6 vol %) with subordinate H 2 S (14.3 to 33.8 vol %). The hot waters from the wells of the shallow reservoir are alkaline with pH from 8.80 to 9.06, whereas those from the wells of the deep reservoir are acid with pH from 3.7 to 4.5 at room temperature. Although the hot waters from these reservoirs are of Na-Cl type with low salinity, a metal rich hypersaline fluid was recently obtained from a survey well WD-1a in the Kakkonda granite at 3708 m depth ( Fig. 2 ; Kasai et al., 1998) . The hypersaline fluid consists of NaCl (15.0 wt.%), FeCl 2 (9.7 wt.%), KCl (7.1 wt.%), CaCl 2 (4.5 wt.%) and MnCl 2 (2.5 wt.%), with a total salinity of about 39 wt.%. As the same components were detected as the daughter minerals of polyphase inclusions in igneous quartz of the Kakkonda granite (Sasaki et al., 1995) , the hypersaline fluid is estimated to be derived mainly from a residual magmatic fluid.
Hydrogen and oxygen isotope data of the steam and the hot waters discharged from wells suggest that the present reservoir fluids in both shallow and deep reservoirs are mainly derived from meteoric water (Yanagiya et al., 1996) . In contrast, Kiyosu and Yoshida (1988) concluded that gas components such as CO 2 and N 2 dissolved in the present fluids of the shallow reservoir are mixtures of magmatic gases and meteoric waters on the basis of chemical composition and carbon isotope ratio of steam samples from wells.
The previous studies of fluid inclusions, fluid chemistry and static borehole temperature measurements (Komatsu and Muramatsu, 1994; Sasaki et al., 1995; Muramatsu and Komatsu, 1996; Sawaki et al., 1999) provide the following information: (1) the hypersaline fluid with salinities between 35 and 75 wt.% equivalent circulated through the Kakkonda granite intrusion in the early stage of the Kakkonda geothermal system, (2) temperature, CO 2 content and salinity of the reservoir fluid decreased with time, and (3) the deep reservoir fluids flow up mainly through northwest part of the deep reservoir. Kajiwara et al. (1993) estimated ascent velocity of reservoir fluids from the vertical temperature profile using the equation of Turcotte and Schubert (1982, p. 401) for flows through homogeneous half-infinite porous medium. The ascent velocity of reservoir fluids at northwest area ( Fig. 1 ; approximately 0.5 × 10 -9 m/s) is larger than that of central area ( Fig.  1 ; approximately 0.2 × 10 -9 m/s) in the deep reservoir. These estimates also indicate that the present reservoir fluid flows up mainly through northwest part of the deep reservoir (Kajiwara et al., 1993) .
Table 1. Chemical compositions of steams and hot waters discharged from wells at the Kakkonda geothermal field
Data sources are *Yanagiya et al. (1996) ; ** Nakamura and Sumi (1981b) (Truesdell, 1976) . Abbreviation: tr, Trace.
ANALYTICAL METHODS
Microthermometric analyses were performed on small thin chips (Ϲ0.5 mm thick) of eighteen anhydrites from cores and cuttings of three deep wells in the northwest area and a deep well in the central area (Well-13; Fig. 1 ). Homogenization temperature (Th) and ice melting temperature (Tm(ice)) were measured on a USGS-type gas flow heating/freezing stage. Calibration runs using synthetic fluid inclusions indicate that the accuracy of Th and Tm(ice) are ±1.0°C and ±0.1°C, respectively.
Gas analyses were performed on four small anhydrite chips (0.5 to 1.0 mm in size) collected from cores of Well-18. The gas analytical system consists of a quadrupole mass spectrometer (ANELVA AGA-360; QMS), a capacitance manometer (MKS315), a cold trap, an infrared furnace and a vacuum system, connected with a Ushaped stainless steel tubing at the Geological Survey of Japan. The two methods were applied to perform individual fluid inclusion analysis and bulk analysis (Sasada et al., 1992) . The individual fluid inclusion analysis is semi-quantitative analyses, which measure the major gaseous species in each inclusion in the samples (less than 10 mg). A sample placed in a quartz glass tube was heated to 500°C by heating rate of 10°C/min, and water vapor and other gases, which were released from each inclusion by decrepitation, were analyzed with QMS by rapid-scanning. In contrast, the bulk analyses determine the average composition of fluid inclusions in each sample (approximately 0.2-0.4 g). The sample was heated to 500°C and all the gases extracted by decrepitation were collected in the stainless steel tubing, then analyzed. Total pressure was measured by the capacitance manometer. Gas pressure was measured after separating H 2 O by a cold trap to obtain gas/water ratio. Ion counts were measured by the QMS for each gas species except H 2 O and these ion counts were converted to pressure. Calibration was conducted with standard gases for CO 2 , CH 4 , N 2 and Ar. Reactive gases such as H 2 S and SO 2 were not successfully quantified due to their adsorption and reaction with the stainless steel tubing. Experimental precision is estimated to be better than 10% of each gas component.
Sulfur isotope ratio was analyzed for five anhydrite cores from four wells. Powdered anhydrite was dissolved into pure water at room temperature and the aqueous SO 4 was precipitated as BaSO 4 , then converted to SO 2 . The isotope analyses were made with a mass spectrometer (Varian Mat CH7) at Nagoya University. Sulfur isotope data are given as δ values relative to the CDT standard. The analytical precision is within ±0.2‰.
RESULTS AND DISCUSSION

Anhydrite occurrence
Anhydrite is widespread in the deep reservoir, but it occurs exclusively in the upflow zone at the northwest area in the shallow reservoir (Fig. 2) . Anhydrite is absent around the feed point of the production wells drilled in the shallow reservoir. Anhydrite occurs in the Tertiary and the pre-Tertiary formations, the old intrusive rocks around the Quaternary Kakkonda granite and also within the Kakkonda granite in trace amounts (Kato and Doi, 1993; Muramatsu et al., 1994) . Anhydrite is not associated with calcite.
Anhydrite occupied open space fillings of high (>70°) and low (<20°) angle fractures, and cavities in andesitic tuff breccia, tuff of the Kunimitoge Formation and the Kakkonda granite (Table 2 ). In contrast, anhydrite rarely fills a fracture in a lithic fragment of shale in silicified dacitic tuff of the Kunimitoge Formation. Anhydrite also fills the central parts of fractures lined with quartz (Sasaki et al., 1998a) and is occasionally associated with hematite or pyrite ( Table 2 ). These veins are less than 3 cm in width. These results suggest that most anhydrites precipitated during or after quartz precipitation after emplacement of the Kakkonda granite (Kato and Doi, 1993) , though the anhydrite observed in the shale lithic fragment may be Miocene in age.
Fluid inclusion petrography
Fluid inclusions in anhydrite are usually less than 20 µm, but a few inclusions are large as 200 µm in size. Liquid-rich, vapor-rich and polyphase inclusions were observed in anhydrites (Table 2) . Liquid CO 2 was not observed in any inclusions. The two-phase liquid-rich inclusions (Figs. 3(a) and (b)) were observed in samples from both shallow and deep reservoirs, but the two-phase vaporrich inclusions (Fig. 3(c) ) were mostly observed in the deep reservoir. The polyphase inclusions were observed in some anhydrites from the deep reservoir ( Table 2 ), but that was observed in only one sample from the shallow reservoir (Fig. 3(d) ). Cubic daughter crystals were observed as the major crystal in all of the polyphase inclusions. That Sawaki et al. (1999) . **The data from Sasaki et al. (1998b) . crystal appears to be halite, because polyphase inclusions in igneous quartz in the Kakkonda granite contain cubic halite as a main daughter mineral (Sasaki et al., 1995) and moreover the present reservoir fluid is Na-Cl type (Table 1) . Other crystals are tiny and rarely present (Fig. 3(d) ). The vapor-rich inclusions coexist commonly with the liquid-rich inclusions (Fig. 3(b) ), indicating that these fluid inclusions were trapped under boiling conditions. Primary inclusions are isolated each other and are randomly distributed (Fig. 3(b) ), whereas secondary inclusions occur along healed fractures (Fig. 3(a) ).
Fluid inclusion microthermometry
The Th and Tm(ice) values of liquid-rich and polyphase inclusions in anhydrites are shown in Table 3 . Microthermometric data for the vaporrich inclusions could not be obtained because the inclusions are too small. The liquid-rich inclusions homogenize to liquid phase at temperature between 222 and >480°C. The polyphase inclusions homogenize to liquid phase at temperature between 302 and >480°C, while the halite dissolves at temperature between 104 and 220°C. Figure 4 shows variation of the Th values with depth for anhydrites from Well-18 and Well-19. Minimum Th measurements of secondary inclusions in anhydrites from three depths above 1119 m are coincident with the measured static borehole temperature (BHT) curve in the shallow reservoir, suggesting that temperature of the reservoir fluids has decreased with time. The Th values of secondary inclusions in three anhydrites between 1364 and 1535 m depths are lower than the BHT curve. The low Th in the secondary inclusions might be caused by temporal incorporation of cool meteoric water into the upflow zone after precipitation of anhydrite. This idea is also supported by very low gas contents of secondary inclusions in anhydrite from 1535 m depth as will be discussed later. To the contrary, the Th values of most primary and secondary inclusions are roughly coincident with the BHT curve in the deep reservoir (м1830 m depth). It suggests that a high temperature geothermal activity had not a large cooling during and after the anhydrite precipitation in the deep reservoir.
The Tm(ice) values of liquid-rich inclusions in anhydrites from the shallow reservoir are high and in a narrow range above -0.8°C, whereas those from the deep reservoir range from -0.2 to (Sasada et al., 1992) . *1 The microthermometric data are from Sasaki et al. (1998b) . *2 Salinity was calculated as NaCl equivalent from Tm(ice) + ∆T CO 2 value using the equation of Bodnar (1993) . *3 Salinity was calculated as NaCl + CaCl 2 equivalent from Tm(ice) + ∆T CO 2 value using the equation of Oakes et al. (1990) and the ice-hydrohalite cotectic from Yanatieva (1946 (Williams-Jones and Samson, 1990 ). *5 Salinity was calculated as NaCl equivalent from halite dissolution temperature using the equation of Sterner et al. (1988) . Well-18 (Doi et al., 1988 Sasaki et al. (1998b) .
Fig. 4. Variation of homogenization temperatures (Th) with depth for anhydrites from Well-18 and adjacent Well-19. Lithology, circulation losses and static borehole temperature profile (BHT) are shown for
-40.6°C (Table 3) . Tiny transparent crystals formed in the inclusions of some anhydrites during warming process after cooling to -190°C (Fig.  3(e) ). These tiny crystals might be gypsum that precipitate from the CaSO 4 saturated inclusion fluid in anhydrite crystal. The Th, Tm(ice) and Tm(NaCl) values of a polyphase inclusion in anhydrite from 1875 m depth of Well-19 are 300°C, -40.3°C and 163°C, respectively. The Th and Tm(NaCl) values of seven polyphase inclusions in two anhydrites from Well-20 range from 302 to >480°C and from 104 to 220°C, respectively.
Composition of gaseous components in fluid inclusions
Four anhydrites from Well-18 were analyzed by the QMS. The anhydrites from depths of 982 and 1535 m only contain secondary inclusions, whereas those from depths of 1830 and 1911 m also contain minor amount of primary inclusions ( = 0.14 at 371°C; Fig. 5(a) ). In contrast, two different values of the peak ratios of CO 2 /H 2 O and CH 4 /H 2 O were obtained for samples from 1911 m depth (Fig. 5(b) The bulk analyses gave quantitative composition of the liquid-rich inclusions in these anhydrites (Table 4) . Water content ranges from 97.6 to 99.8 mol %. Carbon dioxide is a major non-condensable gas component in all samples and its content ranges from 0.14 to 2.0 mol %. Nitrogen and CH 4 contents range from 0.038 to 0.19 mol % and from 0.0050 to 0.020 mol %, respectively. Argon content is less than 0.001 mol %. Gas contents of the secondary inclusions in anhydrite from 1535 m depth are the lowest of all measured samples.
The CO 2 contents of the liquid-rich inclusions in these anhydrites decrease with decreasing temperatures (Fig. 6 ). This change might be caused by dilution with cool meteoric water and/or vaporloss. It appears from temperature side of the vapor-loss curve calculated by a single step vapor separation, suggesting that the present reservoir fluids may be formed through multi-step vapor separation.
Salinity of fluid inclusions
Salinities of the liquid-rich inclusions were estimated from Tm(ice) after correcting the effect of freezing-point depression by CO 2 ( ∆T CO 2 ; Table 3; Hedenquist and Henley, 1985) . The salinities of the inclusions in anhydrite from the shallow reservoir are low ranging from 0.18 to 1.22 wt.% NaCl equivalent, but these from the deep reservoir range widely from 0.00 to 29 wt.% NaCl (Bodnar et al., 1985) . Giggenbach (1980) . The schematic dilution curve (1) and curve (2) are the mixing lines between air-saturated groundwater at 20°C and the hypothetical initial liquid, and between the groundwater and the liquid differentiated at 300°C by the vapor-loss, respectively. equivalent (Table 3) . The Tm(ice) values (minimum value of -40.6°C) of the liquid-rich and the polyphase inclusions from 1875 m depth of Well-19 and 2096 m depth of Well-18 are lower than the eutectic temperature of the system NaCl-H 2 O (-21.2°C; Hall et al., 1988) . It indicates that the brine is not simply NaCl-H 2 O binary fluid, but contains significant amounts of additional aqueous components. Considering the eutectic temperatures of the ternary system NaCl-FeCl 2 -H 2 O (-37.0°C; Borisenko, 1977 ), NaCl-KCl-H 2 O ternary (-22.9°C; Sterner et al., 1988) , NaCl-CaCl 2 -H 2 O ternary (-55°C; Borisenko, 1977) , the ice melting data strongly suggests that aqueous Ca comprises a significant component, even though K or Fe may be contained as a minor component in these liquid-rich and polyphase inclusions. Therefore, the NaCl-CaCl 2 -H 2 O ternary model composition was determined by a graphical method (Vanko et al., 1988) based on Tm(ice) and Tm(NaCl) for the polyphase inclusion in anhydrite from 1875 m depth of Well-19. The estimated composition is 11 wt.% NaCl and 24 wt.% CaCl 2 with total salinity of 35 wt.%. Total salinities of the liquid-rich inclusions in the same sample were estimated to range from 22 to 29 wt.% NaCl + CaCl 2 equivalent on the basis of the ice melting isotherms and the liquid + ice -liquid + hydrohalite boundary (Oakes et al., 1990) . Salinities in the polyphase inclusions in anhydrites from Well-20 were calculated from halite dissolution temperatures using the equation of Sterner et al. (1988) to range from 28 to 33 wt.% NaCl Fig. 7 Sterner et al. (1988) and Bischoff and Pitzer (1989) , respectively. The isobaric curves at pressures of 20 and 50 bars are after Haas (1976) , and 150 bars after Sourirajan and Kennedy (1962) . Data for anhydrite from 2096 m depth of Well-18 and magmatic fluid are from Sasaki et al. (1995) and Sasaki et al. (1998b) , respectively.
equivalent.
The hypersaline fluid in polyphase inclusions in anhydrite (28 to 35 wt.% NaCl + CaCl 2 equivalent) was produced either by direct exsolution of the hypersaline fluid from a magma (Roedder and Coombs, 1967; De Vivo and Frezzotti, 1994) or boiling of an aqueous solution (Takenouchi and Kennedy, 1965; Bowers and Helgeson, 1983) .
Based on microthermometric study of secondary polyphase inclusions in igneous quartz in the Kakkonda granite, the inclusions contain hypersaline fluid of 35 to 75 wt.% NaCl equivalent (Sasaki et al., 1995) . This may suggest that the hypersaline fluid was released from the crystallizing magma itself. Such hypersaline fluid might have been trapped in the anhydrite in the deep reservoir. If the anhydrite trapped the magmatic hypersaline fluid, the anhydrite should have precipitated at early stage of the Kakkonda geothermal system evolution.
On the other hand, salinities of the liquid-rich inclusions with lower salinity fluids widely vary from 0.9 to 29 wt.% NaCl + CaCl 2 equivalent at Th values of 320 to 360°C in the deep reservoir (Fig. 7) . The lower salinity fluids might have been produced by dilution of the hypersaline fluid and boiling of the dilute fluids. The dilution should have been caused by mixing with low salinity fluids with temperatures of 320 to 360°C. As the liquid-rich inclusions from the shallow reservoir contain a low-salinity fluids (Ϲ1.2 wt.% NaCl equivalent), these low salinity fluids are likely to be derived from a meteoric water conductively heated by the Kakkonda granite intrusion.
Sulfur isotope of anhydrite
Sulfur isotope analyses of anhydrite were performed on one anhydrite from the shallow reservoir and four anhydrites from the deep reservoir to clarify their sulfur origin (Table 5 ). The δ 34 S values of the anhydrites range from +21.6 to +24.2‰ except for a high value of +31.0‰ in anhydrite from 1357 m depth of Well-18. The δ 34 S values of the most anhydrites are very similar to those from Kuroko deposits in Japan (+20.6 to +23.3‰; Kusakabe and Chiba, 1983) , suggesting that sulfur in the anhydrites derives from marine sulfate such as fossil marine anhydrite possibly existing in the Miocene formations.
Precipitation of anhydrite
The high-angle fractures with ENE strike where the hydrothermal minerals occur at the surface extend from the surface to the deep reservoir in the northwest area . Hanano and Takanohashi (1993) proposed that the deep reservoir is hydraulically connected to the shallow reservoir based on the reservoir pressure change with depth. Therefore the whole reservoir could have been under hydrostatic pressure condition during the anhydrite precipitation, and the condition must be preserved until present. The secondary inclusions in anhydrites from seven depths above 1535 m (except for 1281 m) are only liquid-rich inclusions, suggesting to have been trapped non-boiling fluids ( Table 2 ). The maximum Th of these inclusions should be lower than the boiling point for the trapped solutions whose CO 2 contents range from 0.14 to 0.67 mol % (Fig.  4) . The maximum Th at 982 m is higher than the boiling point for 0.5 mol % CO 2 containing water with the water table at the present ground surface. This fact suggests that anhydrite precipitated from the CO 2 bearing fossil fluid under hydrostatic condition with the paleo-water table higher than the present ground surface (e.g., +200 m in Fig. 4 Heating causes anhydrite precipitation due to its retrograde solubility (Blount and Dickson, 1969) . Heating of cool local fluids occurs near the bottom of the shallow reservoir (Fig. 4) . If the local fluids were close to anhydrite saturation, the heating would cause precipitation of anhydrite. However, this process can not explain the formation of anhydrites in the upflow zone where temperature decreases with fluid flow. Although solubility of anhydrite is retrograde for a solution with low salinity, this become prograde under high temperature (>300°C), highly saline (>15 wt.% NaCl) and high pressure conditions (1000 bars; Blount and Dickson, 1969) . As the most primary inclusions in anhydrites from the deep reservoir are frequently high temperature (>300°C) and Ca-rich hypersaline (>22 wt.% NaCl + CaCl 2 equivalent; Table 3 , Fig. 7 ), these anhydrites could have been precipitated by decreasing fluid temperature in the deep reservoir.
These mechanisms however can not explain the precipitation of other anhydrites containing primary inclusions with moderate to low salinities from the deep or shallow reservoirs. The coexistence of primary liquid-rich inclusions with primary vapor-rich inclusions was observed in some of the anhydrites from the both reservoirs (Table  2) . It thus appears that the anhydrites precipitated from a boiling fluid. Sulfate is dissolved mainly as HSO 4 -in relatively dilute and slightly acidic solutions above about 250°C (Drummond and Ohmoto, 1985) . Removals of CO 2 and H 2 S from the liquid phase by boiling result in the pH increase, causing an increase in SO 4 2-and anhydrite precipitation: 
The same anhydrite precipitation due to boiling was reported for anhydrite vein from the Hohi geothermal field (Sasada, 1986) . Since the anhydrite is found only in the northwest upflow zone in the shallow reservoir (Fig. 2) , the boiling phenomenon must result from a release of pressure as the reservoir fluid had ascended through the vertical fractures opened to the surface in the zone.
A few anhydrites from the shallower levels (967 and 1119 m depths in Well-18) in the upflow zone were precipitated from the high temperature (293 to 313°C), very low salinity (0.35 wt.% NaCl equivalent) and non-boiling fluids (Tables 2 and  3) . As the anhydrite solubility decreases with decreasing the fluid pressure (Blount and Dickson, 1969) , these anhydrite could be precipitated due to pressure drop of the non-boiling reservoir fluids ascending through the fracture in the zone.
CONCLUSIONS
Anhydrite occurs as a representative hydrothermal mineral in the upflow zone of the Kakkonda geothermal field, northeast Japan. Fluid inclusions in the anhydrite reveal origin of the reservoir fluids with various salinities (0 to 35 wt.% NaCl + CaCl 2 equivalent). The hypersaline fluid was produced by exsolution from a magma related to the Kakkonda granite at the early stage of the Kakkonda geothermal system. The moderate to low salinity fluids formed by dilution of the hypersaline fluid with the heated meteoric water and boiling of the dilute fluids. Anhydrite precipitation might be explained by the following three mechanisms; cooling of the hypersaline fluid, boiling of the reservoir fluid, and pressure drop of the non-boiling reservoir fluid.
